Introduction
Eribulin mesylate is a structurally truncated synthetic analogue of Halichondrin B (Hirata & Uemura, 1986; Kishi et al., 1994) , the most bioactive natural product isolated from the marine sponge Halichondria okadai commonly found off the coasts of Japan and New Zealand. Eribulin mesylate (Halaven 1 ) interferes with microtubule dynamics (Smith et al., 2010) and was approved in November 2010 by the United States Food and Drug Administration (USFDA) for the treatment of metastatic breast cancer (Towle et al., 2001) . The structure of eribulin resembles a macrocyclic ketone showcasing a fully synthetic drug available on the market today. 19 of the 36 C atoms that constitute the skeleton of the molecule are stereogenic in nature.
The structural framework of eribulin is built up by assembling three key fragments: (i) the C1-C13 aldehyde fragment (I), (ii) the C14-C26 vinyl triflate fragment (II) and (iii) the C27-C35 phenyl sulfone fragment (III) (Fig. 1) .
Several synthetic routes have been used for the preparation of eribulin, (V), each of which utilize the same strategy described by Kishi and co-workers, known for their pioneering work on the total synthesis of Halichondrins, and Halichondrin B in particular (Aicher et al., 1992) . Over the years, synthetic routes have evolved continuously, with scale-up and route refinement as the key areas of improvement (Yu et al., 2013; Austad et al., 2013) .
The three key fragments (I)-(III) (Fig. 1) are synthesized in 15-20 stages each and have been reported in detail. In the later stages, (II) and (III) are subjected to Nozaki-Hiyama-Kishi (NHK) coupling (Hiyama et al., 1981; Jin et al., 1986) to yield fragment (IV) (the C14-C35 fragment) ( Fig. 1) , which is then coupled with (I) under basic conditions. The final stages (Fig. 2) involve a macrocyclization achieved again through NHK coupling of (VIII), the formation of cyclic ketal (IX) and the conversion of terminal diol (X) to an in situ epoxide on which the primary amine is added to finally realize eribulin mesylate, (V).
The goal of our synthesis was to conduct feasibility studies and develop an optimized and scalable process for the preparation of (V). Owing to the presence of 19 stereocentres in this molecule, it was required to continuously ensure the correct stereoisomer at every stage of this extensive synthesis. The important check-point was to characterize newly formed stereocentres in selected molecules through two-dimensional NMR (2D-NMR) data. There were, however, instances where 2D-NMR data were not conclusive enough to prove the absolute stereochemistry or there was a need to prove the molecular geometry for subsequent reactions. Hence, singlecrystal X-ray diffraction analysis was employed to identified intermediates of compounds (I)-(III) in order to conclusively establish the structures (Fig. 1) .
The single-crystal X-ray structure of (IV) has been reported previously (Austad et al., 2013) . Also, a 3,5-dinitrophenyl ester derivative of the alcohol variant of (III) ( Fig. 1 ) has been reported, denoted (IIIa) (Yang et al., 2009 ) (Scheme 1).
We report here the single-crystal X-ray data for two relatively important intermediates of (I) and (III) which have an important bearing on the structural orchestration of the eribulin molecule.
The selected intermediate of (I) is 3,4:6,7-di-O-cyclohexylidene-d-glycero--l-talo-heptopyranose, (XII) (Scheme 2), whose stereochemistry has important implications for the Callylation product (XIV) two stages later (Fig. 3) . The synthesis of (I) starts with d-gulono--lactone ( Fig. 3 ) having two sets of vicinal diol groups, the stereochemistries of which are fixed. The d-gulono--lactone is converted into its lactol which reacts with MeOCH 2 PPh 3 Cl under Wittig conditions to produce hydroxyalkene (XI). The Sharpless dihydroxylation protocol through which (XII) is finally obtained involves a The molecular structure of (XII), showing atom H1 in a different plane to the other H atoms of the cyclohexylidene ring. Displacement ellipsoids are drawn at the 50% probability level.
Figure 3
An overview of the synthetic scheme for the preparation of (I).
catalytic osmylation (Kolb et al., 1994) of (XI) using the double stereo-differentiation strategy (Masamme et al., 1985) . It provides a 4:1 mixture of diastereoisomers, which after purification delivers (XII) as a single diastereoisomer in the form of a white crystalline solid. This mechanism should force the H atom on C1 (i.e. H1) to lie on the opposite side of the tetrahydropyran ring plane in the desired diastereoisomer, compared with the other H atoms on atoms C2-C5 ( Fig. 4 ). However, the nuclear Overhauser effect spectroscopy (NOESY) (Fig. 5 ) of this molecule unusually showed that atom H1 has an interaction with H2, which normally means that they are on the same side of the tetrahydropyran ring plane. Further insight into this molecule could be provided by using single-crystal X-ray diffraction to align the mechanistic rationale and determine the absolute configuration. Compound (XII) is then subjected to acetylation yielding tetraacetate (XIII). C-Allylation of (XIII) using methyl 3-(trimethylsilyl)pent-4-enoate (also known as the Kishi alkene) retains the configuration on C1 after displacement of the O-acetyl group to yield allylic ester (XIV) which exists as a 1:1 mixture of conformers (Stamos & Kishi, 1996) .
The second intermediate, (2R,3R,4R,5S)-5-allyl-2-[(S)-2,3dihydroxypropyl]-4-[(phenylsulfonyl)methyl]tetrahydrofuran-3-ol, (XV) (Scheme 2), from the synthesis of (III) is obtained through a sequence of 15 chemical transformations ( Fig. 6 ) starting from d-glucorono-6,3-lactone (Yang et al., 2009) . The correlation NMR spectra (COSY) of the tetrahydrofuran framework present in (V) and its intermediates show that the vicinal H atoms on C2 and C3 do not correlate. It became vital to understand the spatial orientation of these two H atoms along with the structural framework so as to deduce the relative configuration of this molecule. Further, the C6-C7 diol functionality is introduced through asymmetric dihydroxylation in a 3:1 diastereoisomeric ratio in (XX). The undesired isomer after two stages at (XXI) is removed through recrystallization. Our attempts to prepare single crystals of (XXI) were unsuccessful. We then went five stages further to triol (XV) ( Fig. 4 ) which exists as a white crystalline solid and was successful crystallized.
Experimental

General considerations
Compounds (XII) and (XV) were prepared according to existing synthesis routes (Charles et al., 2013; Brian et al., 2013) . NMR spectra were recorded at room temperature using an Agilent 500 MHz spectrometer. 1 H chemical shifts are reported in p.p.m. referenced to tetramethylsilane (TMS, 0.0 p.p.m.). 13 C chemical shifts are reported in p.p.m. referenced to the solvent resonance of 39.5 p.p.m. for DMSO-d 6 .
2.2. NMR data 2.2.1. 1 H and 13 C NMR data for (XII). 1 H NMR (500 MHz, DMSO-d 6 ): 1.30-1.35 (m, 4H), 1.42-1.60 (m, 16H), 3.43-3.44 (dd, J = 3 Hz, 1.5 Hz, 1H), 3.56-3.58 (dd, J = 2, 1.5 Hz, 1H), 3.66-3.69 (t, 1H), 3.94-3.97 (q, 1H), 4.00-4.05 (q, 1H), 4.14-4.16 (dd, J = 2.5, 1.5 Hz, 1H), 4.29-4.32 (dd, J = 2.5, 3 Hz, 1H), 4.79-4.80 (d, J = 6 Hz, 1H), 5. 23-5.24 (d, 1H), 6.34-6.35 (d, 1H) . 13 C NMR (125 MHz, DMSO-d 6 ): 23.38 (-CH 2 ), 23.44 (-CH 2 ), 23.50 (-CH 2 ), 23.62 (-CH 2 ), 24.63 (-CH 2 ), 24.66 (-CH 2 ), 34.60 (-CH 2 ), 34.98 (-CH 2 ), 35.47 (-CH 2 ), 35.86 (-CH 2 ), 64.78 (-CH 2 ), 68.87 (-CH), 70.93 (-CH), 74.20 (-CH), 
Crystallization
Compound (XII) was crystallized by slow evaporation from a solution in methanol, yielding crystals suitable for singlecrystal X-ray diffraction analysis. Compound (XV) was recrystallized by slow evaporation from a solution in a mixture of toluene and n-butanol (7:1 v/v), yielding crystals in the form of colourless prisms ideal for single-crystal X-ray diffraction analysis.
Refinement
Crystal data, data collection and structure refinement details for (XII) and (XV) are summarized in Table 1 . H atoms were placed in geometrically optimized positions and constrained to ride on their parent atoms, with C-H = 0.96 (methyl), 0.97 (methylene) or 0.98 Å (methine) and O-H = 0.82 Å for (XII), and C-H = 0.95 (aryl), 0.99 (methylene) or 1.00 Å (methine) and O-H = 0.84 Å for (XV). Displacement parameters for all H atoms were assigned as U iso (H) = 1.2U eq (C,O). The orientation of the solvent methyl group in (XII) was allowed to rotate about the C-O bond to find the best fit to the observed electron-density peaks and the hydroxy groups in (XV) were similarly allowed to rotate. For (XII), the hydroxy groups at O3 and O9 were also treated this way, but the hydroxy group at O2 was oriented such that the H atom was in a staggered position with respect to the substituents on the parent C atom.
For compound (XII), the chosen absolute configuration of the model was based on known stereochemistry as discussed below, whereas for (XV), the absolute stereochemistry was deduced independently from Parson's z parameter [0.00 (3); Parsons et al., 2013] .
Results and discussion
The single-crystal X-ray structure of (XII) (Fig. 4) shows that the compound crystallizes in a 1:1 ratio with methanol solvent (3) molecules. The cyclohexylidene rings assume chair conformations, whereas the five-membered rings have envelope conformations. The molecules pack together in the solid state with a few intermolecular hydrogen bonds. The O2 and O3 hydroxy groups form hydrogen-bonding interactions with methanol atom O8 i and with the O6 ii atom of another molecule, respectively (Table 2) . These interactions link the constituents into extended chains which run parallel to the [100] direction. The NOESY spectrum of (XII) (Fig. 5) shows that the H atom at C1 (H1, 4.8 p.p.m.) has an interaction with H2, which was unexpected from mechanistic considerations. The singlecrystal X-ray diffraction data, however, confirm the mechanistic rationale wherein atom H1 lies on the opposite side of the ring plane from the other H atoms (those on on C2, C3, C4 and C5) of the tetrahydropyran ring. Furthermore, the H1Á Á ÁH2 distance of 2.83 Å supports a NOESY interaction between these atoms. The interatomic distance between atoms C1 and C2 is 1.523 (3) Å . Also, atoms H1 and H5 are on opposite sides of the C1-O1-C5 unit, with an H1Á Á ÁH5 interatomic distance of 3.55 Å . The interatomic distance between atoms C1 and H5 is 2.68 Å , and that between atoms C5 and H1 is 3.12 Å .
We further focused our attention on the starting material, i.e. d-gulono--lactone, which has a specific optical rotation (SOR) of À55 . The stereochemistry at atoms C3 and C4 in this molecule are fixed and this is carried through onto atoms C3 and C4 in (XII). Because the known stereochemistry at atoms C3 and C4 remains fixed during the synthesis, the crystal structure allows the configuration of all stereocentres in (XII) to be established relative to those. We were thus able to establish the absolute configuration of (XII) in this manner with the aid of both the NOESY and the single-crystal X-ray data. An overview of the synthetic scheme for the preparation of (V).
Figure 7
Single-crystal X-ray view of (XV), showing atoms H2 and H3 in a perpendicular orientation to each other. Displacement ellipsoids are drawn at the 50% probability level. Table 2 Hydrogen-bond geometry (Å , ) for (XII).
Symmetry codes: (i) x À 1 2 ; Ày þ 3 2 ; Àz þ 1; (ii) x þ 1 2 ; Ày þ 3 2 ; Àz þ 1. Table 3 Hydrogen-bond geometry (Å , ) for (XV). Symmetry codes: (i) Àx; y À 1 2 ; Àz þ 3 2 ; (ii) Àx þ 1; y À 1 2 ; Àz þ 3 2 ; (iii) x þ 1; y; z.
The single-crystal X-ray analysis of (XV) shows that the tetrahydrofuran ring has an envelope conformation ( Fig. 7) . Again the molecules pack together in the solid state with few inter-or intramolecular hydrogen bonds. The O2 and O3 hydroxy groups form an intramolecular hydrogen-bonding interaction, and also form intermolecular hydrogen-bonding interactions with atoms O1 i and O4 ii of other molecules (Table 3) . Also, atom O4 forms an intermolecular hydrogenbonding interaction with atom O2 iii of another molecule. These interactions link the molecules into two-dimensional networks, which lie parallel to the (001) plane.
We were particularly interested to see the orientation of the vicinal H atoms on atoms C2 and C3 of the tetrahydrofuran ring, as these two H atoms show an unusually weak interaction in the COSY spectrum ( Fig. 8; H2 at 4 p.p.m. and H3 at 2 p.p.m.). This can happen when the C-H bonds form a 90 dihedral angle. The Karplus relationship is based on the observation that vicinal H-H couplings will be at a maximum for H atoms with dihedral angles of 180 and 0 (an anti or eclipsed relationship results in optimal orbital overlap) and that coupling ( 3 J HH ) will be minimal (near 0 ) for H atoms that are 90 from each other. Atoms H2 and H3 exhibit minimal J coupling, suggesting that their C-H bonds are nearly perpendicular to one another. The tetrahydrofuran ring with its envelope conformation facilitates this orientation of the vicinal H atoms. This conclusion is consistent with the molecular structure elucidated from the single-crystal X-ray diffraction data, which shows that the H2-C2-C3-H3 torsion angle is À110 . The H2Á Á ÁH3 interatomic distance is 2.71 Å .
In conclusion, we have synthesized two compounds, (XII) and (XV), which have important structural implications for the Eribulin framework. We deduced the relative molecular framework of both structures through 2D-NMR experiments and conclusively proved the absolute structure of both these structures using single-crystal X-ray diffraction techniques.
Figure 8
The 2D-COSY spectrum of (XV). For both compounds, data collection: CrystalClear-SM Expert (Rigaku, 2014) ; cell refinement: CrystalClear-SM Expert (Rigaku, 2014) ; data reduction: CrystalClear-SM Expert (Rigaku, 2014) ; program(s) used to solve structure: SIR92 (Altomare et al., 1994) ; program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015); molecular graphics:
CrystalStructure (Rigaku, 2015) ; software used to prepare material for publication: CrystalStructure (Rigaku, 2015) . Refinement was performed using all reflections. The weighted R-factor (wR) and goodness of fit (S) are based on F 2 . R-factor (gt) are based on F. The threshold expression of F 2 > 2.0 σ(F 2 ) is used only for calculating R-factor (gt). Neutral-atom scattering factors were taken from international tables for crystallography, Vol. C, Table 6 .1.1.4. Anomalous dispersion effects were included in Fcalc (Ibers & Hamilton, 1964) ; the values for ?f′ and ?f" were extracted from international tables of crystallography (Creagh & McAuley, 1992) . The values for the mass attenuation coefficients are those of Creagh and Hubbell. Creagh, D. C. & Hubbell, J·H..; "International Tables for Crystallography", Vol C, (A·J·C. Wilson, ed.), Kluwer Academic Publishers, Boston, (7) 0.0007 (6) 0.0088 (7) 0.0103 (6) O4 0.0377 (7) 0.0272 (6) 0.0283 (6) 0.0048 (5) 0.0037 (5) −0.0007 (5) O5 0.0444 (8) 0.0265 (6) 0.0436 (8) 0.0037 (6) 0.0168 (7) 0.0042 (5) O6 0.0306 (6) 0.0381 (7) 0.0321 (7) 0.0063 (6) 0.0068 (6) 0.0102 (5) supporting information sup-4
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